Abstract. We present a model for the multicomponent vapor transport due to air venting in an unsaturated zone in the presence of free and trapped phases of residual nonaqueous phase liquid (NAPL). On the microscale the soil particles are assumed to form spherical aggregates with micropores filled with immobile water, trapped phases of NAPL and air. 
Introduction
The effectiveness of soil vapor extraction (SVE), as a method to remediate an unsaturated zone contaminated with volatile organic compounds (VOC), relies on two factors: how fast the soil vapor can be removed, and how fast mass transfer into the venting stream from the other phases (i.e., aqueous phase in soil moisture, nonaqueous phase liquid (NAPL), and sorbed phase on solid grains) can occur on the microscopic scale. While the vapor transport rate is usually controlled by the pumping rate and the soil permeability, the interphase mass transfer rate depends on the distributions of the phases in the soil microstructure. It is crucial for a mathematical model of SVE to contain the essential features of the physicochemical process on the microscale, in order to bring forth the relevant parameters controlling the effects of phase exchange on the macroscopic vapor transport.
Local equilibrium is the common assumption used by many existing models for multiphase transport in unsaturated soils , the interphase mass transfer rates are described by ad hoc first-order relations which nevertheless contain empirical transfer coefficients that cannot be readily estimated and may change in value over the course of venting [Fischer et al., 1996] .
The selective transport of constituents during the evaporation of multicomponent NAPL in unsaturated media has also received some attention. Baehr [1987] showed by numerical simulations that the aromatic gasoline constituents, due to higher water/air partition coefficients, dominate in the total hydrocarbon partitioned in an unsaturated zone. Rathfelder et al. [1991] , Lingineni and Dhir [1992] , and Hoet al. [1994] conducted through-flow venting experiments in laboratorypacked columns emplaced with residual multicomponent NAPL, but no residual water. In particular, Rathfelder et al.
tions, air is the only mobile phase and continuously occupies the larger pores (macropores). The smaller pores (micropores) are filled with immobile water, "trapped" NAPL and trapped air, where water is adjacent to solid surfaces, trapped air is in the center of the void and "trapped" NAPL is a thin film sandwiched between air and water. An entity composed of a cluster of solid particles and the immobile and trapped phases can be regarded as an aggregate with microporosity, typically with a dimension in the order of millimeters. Being either a thin film surrounding an aggregate, or a pendular ring or lens between aggregates, the "free" NAPL resides outside the micropores and is directly exposed to the mobile air. In this study we assume that the "free" NAPL is so small in saturation that it remains practically stagnant even in the presence of air flow. With this conceptual model we can now study the various interphase mass transfer processes more systematically. While the free NAPL can readily be vaporized into the macropores, mass transfer from the trapped NAPL is rate-limited by the slow diffusion in the surrounding water, as the aqueous diffusivity is smaller than the air diffusivity by at least 4 orders of magnitude. Equilibrium partitioning between trapped NAPL and mobile air is clearly not true in general. This kinetic effect on the macroscale vapor transport has however not been wellstudied in the literature.
The objective of this study is to develop a kinetic model for multicomponent vapor transport due to air venting in an unsaturated zone in which both free and trapped phases of residual NAPL exist. An idealized microstructure incorporating the above features of phase distributions will be proposed in section 2. It is basically an extension of the spherical aggregate model used by Ng and Mei [1996a, b] for soil vapor extraction in the absence of NAPL. In this case, trapped NAPL is distributed inside, while free NAPL is spread as a thin film outside each spherical aggregate. The microscale transport, solely by aqueous diffusion, is detailed in section 3. The mass exchange between aggregates and mobile phases appears as a source term in the macroscale vapor transport equation which is deduced in section 4. In the complete problem there is coupling not only between the microscale and the macroscale transports, but also between the individual components. Normalization of the equations is then presented in section 5 in order to bring forth the dimensionless parameters pertinent in this problem. The normalization also facilitates the use of a simplified model mixture composed of a few selected components to approximate the real mixture which may contain a large number of components. In section 6 the model is tested by comparing with the data of Ostendorf et al. [1997] . Using a five-alkane mixture for the modeling, the agreement between prediction and data is clearly demonstrated. The simulations in section 7 are to further examine the dynamic multicomponent effects. For simplicity, vapor transport in a radial flow in an axi-symmetrical soil layer contaminated by a three-aromatic NAPL composed of benzene, toluene and o-xylene is considered. Discussions will be focused on the effects of free and trapped NAPL on the spatial and temporal variations of the component vapor and total concentrations. Mass transfer at the microscale is also examined.
Soil Microstructure and Phase Distributions
On the basis of the preceding discussions an idealized threefluid distribution in a soil microstructure consisting of regular packing of spherical porous aggregates is proposed. Referring to Figure Practically, the present model is applicable to unsaturated soils well above the water table where all residual liquid phases (water, free, and trapped NAPL) are macroscopically discontinuous and their relative permeabilities are essentially zero. Therefore, in the absence of external sources, these liquid phases remain immobile even under the influence of air seepage flow. Also, the evaporation or dissolution of the free and the trapped NAPL, owing to their low saturations, will not cause effective movement of other phases. The case of multiphase flow is not considered in this paper.
The aggregate model is essentially a conceptualization for taking into consideration various transport mechanisms on the microscale, and their interaction with the macroscale. The macroscale advective diffusion of vapor in the mobile region (interaggregate pores) is effectively coupled to the microscale diffusion of solute in the immobile region (intra-aggregate pores). The assumption that the aggregates are spheres is merely to simplify the computations for the rates of phase exchange between the two regions. Ultimately, we may view that the radius of an aggregate "a" which is just the characteristic dimension of an immobile region is one of the few calibration parameters in the model.
For the chemical partitioning, a species which exists in the NAPL is also vaporized in air (both free and trapped), dissolved in the immobile water, and sorbed onto the solid grains. We ignore any concentration gradient in a NAPL film, because of its small thickness, in the course of phase change of its components so that it can be regarded as a locally uniform mixture at all times. In general, the NAPL saturations are functions of space and time and have to be found as part of the solution.
As two length scales will be used in this study, we shall denote the microscale (aggregate) radial coordinate by r and the macroscale coordinates by x'. All quantities depending solely on x' will be distinguished by primes, including the ' in 
Since water is the only connected phase within the aggregate, the mass transport inside an aggregate will solely rely on aqueous diffusion. If further a spherical aggregate of radius a with radial symmetry is assumed, the aqueous diffusion can be de- • Co•
where Pw are the liquid densities of the pure components. By this relation we may express Coi explicitly in terms of Xi:
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We remark that in general the aqueous and the vapor concentrations of a component are much smaller than its concentration in the NAPL. For example, from (5) and (7) we may show that on assuming unity activity coefficients, 
We remark that for aggregated soils the seepage velocity can also be found from Darcy's law, where the permeability depends on the packing of the aggregates (but not the microporosity), as has been shown formally by Ng and Mei [1996a] . 
i=l i=l in view of (23).
In addition, initial and boundary conditions on the macroscale must be imposed (e.g., zero concentration at a large distance, and zero concentration gradient at the screen of a pumping well). Then, (29) 
as has been obtained previously by Ng and Mei [1996a, b] .
Normalization
In the present study, we shall further assume for simplicity We first compare our model with the experimental data obtained by Ostendorf et el. [1997] , who measured the evaporation of gasoline and diesel fuel vapors sparged out of the field soil sample in an intact core sleeve. Steam cleaned, stainless steel sleeves were driven through, with minimum disturbance, the unsaturated zone and the contaminated capillary fringe of a weathered light petroleum spill site [Ostendorfet el., 1995a]. The sleeves were mounted in series in a laboratory incubator at 12.5øC and were subjected to a flow of humidified air, which sparged hydrocarbon vapors out of the contaminated source core for subsequent degradation in the biologically active mid-depth core. Along the axis of the sleeves are a number of sampling ports, so that spatial gradients of vapor concentrations can be measured, in addition to elution concentrations at the column outlet.
The contaminant is a mixture of gasoline and diesel range hydrocarbons, subjected to at least 10 years of weathering in the ground. A head space analysis of the liquid phase has identified the fractions of some 27 volatile components [Ostendorf et el., 1995b]. Over 80% of the 27 compounds are alkanes, ranging from 2-methylbutane to n-decane, with less than 20% aromatics, including appreciable ethylbenzene and xylene fractions (see Table 1 ). About 60% by mole fraction of NAPL compounds were not individually identified.
The experimental conditions and parameters for the source core reported by Ostendorf et el. [1997] are summarized as ?Component selected to form the hypothetical mixture for the modeling. In the experiments the vapor concentrations of the following seven components were measured: 2-methylpentane, 2-methylhexane, 2,2,4-trimethylpentane, 3-methylheptane, ethylbenzene, m-xylene, and nonane. These compounds cover a range of vapor pressures and molecular weights and can represent the collective response of the volatile components, listed in Table 1 , during the venting process. For modeling, we have further shortlisted the components and chosen 2-methylpentane C6H14 , 2-methylhexane C7H16 , 3-methylheptane C8H•8, m-xylene CsH•o, and nonane C9H20 to represent groups of compounds with different ranges of vapor pressures, as given in Table 2 . M-xylene is selected as the only aromatic in the modeling mixture. Note that 2,2,4-trimethylpentane is in the same group as 2-methylhexane. The above four selected alkane components roughly represent compounds with 6, 7, 8, and 9 carbons respectively. Their initial mole fractions are equal to the sum of the mole fractions of components being represented (given in the last column in Table 1 ). These four components have a total mole fraction of about 40%. To make up a unity total mole fraction, we lump all the remaining less volatile components into one heavy component, undecane CllH24. Our task is to compare the spatial and temporal variations of the component vapor concentrations generated by our model 
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Estimation of Input Parameters for Modeling
On the basis of the above information we now evaluate the input parameters for the modeling. We first estimate the chemical properties according to the following methods. 1. Since the mixture is composed predominantly of alkanes, the activity coefficients for all components are assumed to be unity. While this may not be true for the aromatic component, m-xylene, we shall demonstrate that this component was nevertheless subject to biodegradation in the experiment.
2. The saturation vapor concentration is computed using ideal gas law, where the vapor pressure is estimated using the boiling point of the chemical [Schwarzenbach et al., 1993 O' i 0.14 3.3 X 10 --2 1.2 X 10 --2 2.9 X 10 --3 0.58 9 X 10 --4 With the above exercise, we have illustrated a distinctive advantage of the aggregate model on describing the kinetic processes in a multicomponent chemical transport. Just based on the calibration for one component, we can readily estimate the parameters for all other components. This is in sharp contrast to a first-order kinetic model, in which the empirical transfer coefficients for individual components are not related to one another. Calibration must be carried out separately for each component, and the task would be formidable if the number of components is too large. Therefore, the amount of calibration for an aggregate model is limited and does not increase with the number of components as it does for a firstorder model.
Results of Comparison
Using the parameters given in Table 3 , we perform a simulation of the five-alkane, one-aromatic vapor transport under Table 4 [Ng, 1998] . It is also found that the front is moving at an almost steady speed until it suddenly speeds up tremendously just before the NAPL is completely evaporated. 1. The pumping time required to clean up each component is prolonged by the presence of the immobile and trapped phases. As compared to case 1, the clean-up time lengthens more for heavier components, ranging from two times for benzene to over three times for o-xylene (see Figure 9) .
2. As in case 1, the o-xylene vapor concentration exhibits an increase with time, approaching unity, in the free NAPL region (where the free NAPL saturation is nonzero). However, the vapor concentration drops more slowly than case 1 after the free NAPL at that position is volatilized. This is because even in the absence of free NAPL the aggregates are still producing vapor into the macropores. As a result, the o-xylene vapor concentration decays only gradually with a smooth profile after the free NAPL is completely volatilized (see Figure 9 for • > 300). Figure 12a) . Again, the total concentration decays slowly, and its distribution becomes smooth after the free NAPL is completely volatilized (see Figure 10 ). 4. In the presence of aggregates, the volatilization of the free NAPL is retarded, by a factor over 30% in this example. The free NAPL S•, has two abrupt evaporation fronts, and is completely volatilized much sooner than the trapped NAPL (see Figure 12a) . In the presence of free NAPL the mean trapped NAPL saturation (So) has an approximately uniform distribution which drops slower than where the free NAPL is gone (see Figure 12b) . However, the trapped NAPL saturation is not completely purged even long after the free NAPL has vanished (see the next paragraph). 11a and 12a) . After this moment, the trapped NAPL saturation profile exhibits a front which retreats as NAPL dissolution goes on (Figure 14) . The o-xylene aqueous concentration has a discontinuous gradient across this front. In the outer region o-xylene diffuses outward, while in the inner region the o-xylene aqueous concentration continues to rise to approach unity, as the trapped NAPL becomes purer in o-xylene (Figure 13) . Note that the trapped NAPL is not completely removed even at a large time; its rate of disappearance decreases as it is more confined to the center of the aggregate (Figure 14) . The NAPL trapped at the core of an aggregate requires a very long time to be removed. tration first drops and then rises briefly before it drops back. The change for the o-xylene concentration is more dramatic. After the initial rise, it drops momentarily as the free NAPL near the well is volatilized. This is followed by a pronounced increase to more than twice the initial value until the free NAPL is completely volatilized. In case 1 where the aggregate effects are absent, the o-xylene concentration finally drops abruptly all the way down to zero. However, with trapped NAPL, the final drop in case 2 is much milder; it ends up in a tail where the effluent concentration decays at a persistently slow rate. In fact, the effluent tailing is characteristic for all transports with nonequilibrium phase exchange on the macroscale. Obviously, the trapped phases in aggregates retard the removal of all components, more for the heavier than the lighter ones. The results in case 2 are qualitatively similar to the elution curves ( Figure 5 ) obtained for the unidirectional through-flow problem. The elution curves can be useful in calibrating the free NAPL saturation. Very often only the total NAPL saturation can be measured readily in practice. As discussed above, the time at which the effluent concentration of the heaviest component drops abruptly is the time when the free NAPL is completely volatilized, and therefore can be used to calibrate the amount of free NAPL present in the soil. If the total NAPL saturation is known, the trapped NAPL saturation can then be found from their difference. If not, the decaying speed of the tailing, which depends on the amount of trapped NAPL in aggregates, can be used to calibrate the trapped NAPL saturation.
Concluding Remarks
On the basis of the spherical aggregate diffusion model we have presented a multicomponent vapor transport theory for soil vapor extraction in unsaturated soils with mass exchange kinetics due to free and trapped phases of residual NAPL. The assumptions are that the free NAPL is in direct contact with the mobile air, and the trapped NAPL together with aqueous, sotbed, and trapped vapor phases are distributed inside the aggregates. While local equilibrium between the "free" NAPL and the macropore vapor is readily attained, the mass transfer between the "trapped" phases and the macropore vapor is rate-limited by aqueous diffusion. Equations (15) The multicomponent dynamics is further studied for a horizontal and homogeneous soil layer with a radial venting into a vertical well. For a three-component NAPL composed of benzene, toluene, and o-xylene, we have found, whether or not the soil is of the aggregate type, the following distinctive behavior associated with the volatility of the components: (1) the less volatile or heavier the component is, the longer time it takes to purge this component from the soil; (2) the vapor concentration of the less volatile components can rise for some time as a result of selective evaporation of the NAPL; the rise shows up in the effluent concentrations; (3) the o-xylene vapor concentration gradient is discontinuous at the two evaporation fronts of the free NAPL, the moving speed of which can be found by a local analysis; (4) In contrast to a first-order kinetic model which does not account for physical and chemical processes on the microscale, the present model reduces the number of fitting parameters to the minimum. While the assumption of uniform spherical aggregates may appear extreme, this idealization enables us to construct a purely deductive theory, with limited empiricism, and allows us to explain and predict many intricate phenomena from basic principles. For some manufactured materials the present theory can of course be further checked in details for both the approximations and the implications rigorously. For natural materials with irregular grains, the radius of spherical aggregates in our model can be regarded as one of the two calibrated parameters, the other being the ratio of the saturations of free and trapped NAPL. We stress that the amount of calibration, if any, required by the present model will be limited and does not increase with the number of components, as it does for a first-order kinetic model. The usefulness of the present model has been clearly demonstrated by comparison with column tests with soil samples from the field.
To further enhance the usefulness of our theory, it would be desirable to have more well-controlled experiments for a thorough comparison. In particular, we suggest a laboratory venting experiment on an unsaturated column emplaced with residual NAPL of known initial composition and total saturation. All the chemical and soil properties should be measured or estimated independently. The free and trapped NAPL saturations however may need to be calibrated using the elution curve method mentioned earlier. During venting, not only the vapor concentrations of all the components but also the NAPL saturation and composition should be measured, so that the local phase change rates predicted by the theory can be checked.
The present theory can be used for modeling more realistic configurations of air venting, where the finite length of the well screen, soil heterogeneity, ground surface conditions, and so on must be accounted for. Fully three-dimensional schemes for numerical computations are of course necessary and should be worthwhile.
